Comparative investigation of the characteristics related to prey consumption, reproductive rate and searching capacity among predators, which remain largely unexplored, could yield important information for selection of novel control agents. In this paper, the daily prey consumption rate of the immature stages and adult females until 20 days after eclosion of three predators, Stethorus japonicus (lady bug), Scolothrips takahashii (predatory thrips) and Amblyseius californicus (predatory mite), on eggs of Tetranychus urticae (red form) was determined, as well as the functional response of adult females to T. urticae eggs, on lima bean leaf discs in the laboratory at three constant temperatures (18-20, 25 and 30°C) and 16L : 8D. Female and male immatures of S. japonicus consumed the same number of spider-mite eggs, whereas more eggs were eaten by female immatures of S. takahashii and A. californicus than by male immatures at each of the temperatures tested. The total number of eggs consumed during the immature stages did not differ significantly among temperatures for any of the three predators. Consumption of T. urticae eggs by S. japonicus was fastest, followed by S. takahashii. Average daily consumption rates of adult females during the first 20 days after emergence at 25°C were 13.4 eggs for A. californicus, 23.0 eggs for S. takahashii and 294.4 eggs for S. japonicus. Adult females of the three predator species showed a type II functional response to prey density, regardless of the temperatures tested.
INTRODUCTION
Spider mites are major agricultural pests, that often cause severe damage to a variety of crops. It is difficult to control spider mites by agricultural chemicals alone because they can develop resistance to various kinds of acaricides within a few years (Cranham and Helle, 1985; Geoghiou, 1990) . Therefore, there has been an increasing interest in controlling spider mites with biological control agents. Predatory mites of the family Phytoseiidae are considered to be among the most important natural enemies of spider mites, and their biology (McMurtry, 1982; Gerson and Smiley, 1990; Takahashi and Chant, 1994; McMurtry and Croft, 1997) , feeding activity (Takafuji and Chant, 1976) and effectiveness for controlling spider mites on various crops in greenhouses (van Lenteren and Woets, 1988 ) and on field grown crops (Oatman et al., 1977a, b; Pickett and Gilstrap, 1986) have been well studied. Apart from the predatory mites, some insects are also known to be natural enemies of spider mites. Predatory thrips, acarophagous ladybugs and staphylinid species have been recognized as promising predators of spider mites (Chazeau, 1985; Gilstrap, 1995; Obrycki and Kring, 1998) . In general, phytoseiid mites have a greater ability to survive when spider mites are scarce than most insect predators, which are more mobile and require more food per individual. When spider mite density is high, insect predators have the ability to suppress spider mite populations because of their voracity and reproductive capacity (Chazeau, 1985) . In short, the characteristics related to prey consumption, egg production rate, dispersal and searching capacity vary among spider mite predators. Although relatively few predator species have been used in biological control programs in any event, utilization of additional predators with specific characteristics might be useful in successful spider mite control. In this context, a comparison among predators could yield important information for selection of novel control agents.
The predatory mite, Amblyseius californicus (McGregor) (Acari: Phytoseiidae), the predatory thrips, Scolothrips takahashii Priesner (Thysanoptera: Thripidae), and the acarophagous ladybug, Stethorus japonicus Kamiya (Coleoptera: Coccinellidae), are native to Japan and considered to be important natural enemies of spider mites. These predators are found on various trees and weeds such as pear, bean, hydrangea and kudzu vine (Shimoda et al., 1993; Gotoh and Gomi, 2000; Kishimoto, 2002) . Kishimoto (2003) reported that the prey consumption rate during development in S. japonicus is 16 times higher than in S. takahashii when eggs of T. urticae are provided. A single larva of the staphylinid, Oligota kashimirica benefica Naomi (Coleoptera: Staphylinidae), preys on about 300-400 eggs of T. urticae during its development period (Shimoda et al., 1993) , which is about half of what S. japonicus requires (Kishimoto, 2003) . Little other information about prey consumption rates during development period in indigenous predators is available. In this paper, the feeding activity of the immature stages and adult females of A. californicus, S. takahashii and S. japonicus on T. urticae eggs were compared, and the functional responses of adult females of all three predators to T. urticae eggs were examined at three constant temperatures.
MATERIALS AND METHODS
Stock cultures of predators. To establish a stock culture, A. californicus was collected from a Japanese pear orchard in Ichikawa (35°28ЈN-140°04ЈE), Chiba Prefecture, in 1995. S. takahashii and S. japonicus were collected from field populations on kudzu vine, Pueraria lobata (Willd.), in Ami (36°01ЈN-140°04ЈE), Ibaraki Prefecture, in and after 1997. Field-collected thrips and ladybugs were added to the stock culture once a year to ensure sufficient oviposition. No deterioration effect was apparent in A. californicus, i.e., oviposition rate did not decline at all. All predators were maintained on leaves of kudzu vine (June-October) or lima bean, Phaseolus lunatus L.
(November-May), which were infested with an ample number of spider mites. As food for predators, the two-spotted spider mite was cultured on leaf discs (ca. 12 cm 2 ) of kudzu vine or lima bean placed on a water-saturated polyurethane mat in a plastic dish (9 cm diam.). When the mite densities on a leaf disc reached an acceptable level in which the leaf disc was completely covered with mites, the leaf disc was placed either on a moist filter paper (60 mm diam.) held on a dry polyurethane mat (ca. 55 mm diam.) for A. californicus and S. japonicus or on agar (0.5%, 10 mm thick) including 1% gentian violet for S. takahashii in a plastic cup (80 mm diam. at the top and 55 mm diam. at the bottomϫ60 mm high) with a perforated lid under 25Ϯ1°C and 16L : 8D photoperiod. Each lid had a 30 mm diameter hole covered with fine nylon mesh to allow ventilation. The cup, lid and leaf disc are referred to in this paper as a leaf cup.
Prey consumption rates of immature stages and adult females. For experiments, predators were allowed to feed on prey eggs only. Spider mite eggs were obtained as follows: 10-90 adult females of T. urticae obtained from the stock culture were introduced onto a clean leaf disc of lima bean and allowed to lay eggs for 48 h at 25°C and 16L : 8D, and then the females were removed. Thereafter, the number of prey eggs was adjusted for each experiment by removing excessive eggs with a fine brush and the leaf disc was put in the cup, henceforth referred to as 'test cup'. Five to ten adult females of each predator were obtained from stock cultures and placed individually in a leaf cup and allowed to lay eggs for 24 h at 20, 25 and 30°C under 16L : 8D photoperiod, and then the females were removed. Individual predator eggs, just before hatching, were transferred from the leaf cups to test cups with ca. 50-600 prey eggs. The number of prey eggs left on a leaf disc was adjusted depending on the predator species and stages tested. The numbers of eggs consumed were monitored at 6-24 h intervals depending on the temperatures tested by counting the remaining prey eggs until emergence of predator adults. The test cups were replaced every day or every other day depending on the developmental stages of the predators. The sex of each individual was determined at adult emergence.
Newly emerged female-male pairs were added to a test cup with ca. 100-800 prey eggs (one pair per cup) depending on the predators tested at 25°C. A surplus of prey eggs was always available to predators. For S. japonicus, single adult males were introduced into a test cup one day after the females because adult elytra were very soft and fragile on the day of eclosion. We observed mating behavior of the predators under a stereomicroscope and immediately after copulation adult males were removed to prevent egg consumption by males. The number of prey eggs consumed by female predators was determined by counting intact eggs 24 h later. Adult predators were gently transferred to new test cups every day. The observations continued until 20 days after emergence of all adult females.
Functional response of predators to T. urticae. All experiments were carried out in test cups as described above. To ensure that females were reproductively active, gravid females within three days of the peak oviposition date were used for every predator species and temperature: i.e., for A. californicus 5-to 9-day-old, 5-to 9-day-old and 4-to 8-day-old females at 20, 25 and 30°C, respectively; for S. takahashii 6-to 10-day-old, 3-to 7-day-old and 3-to 7-day-old females at the respective temperatures; for S. japonicus 27-to 31-day-old, 14-to 18-day-old and 13-to 17-day-old females at 18, 25 and 30°C, respectively (Gotoh et al., 2004 (for A. californicus) ; Gotoh et al., submitted (for S. takahashii) ; Mori et al., submitted (for S. japonicus)). For ladybugs at 18°C, peak oviposition occurred on the 55th day (9.81 eggs/day), but to accelerate the experiments 27-to 31-day-old females (8.17 eggs/day at 29th day) were used. Different densities of prey eggs (5 to 1,200 eggs) were offered to the predators in growth chambers at each of three temperatures (18Ϯ1°C or 20Ϯ1°C, 25Ϯ1°C and 30Ϯ1°C) under 16L : 8D photoperiod. Six prey densities (5, 25, 50, 100, 200 and 300 eggs per 4 cm 2 ) were tested for A. californicus (10-15 replicates). Seven densities (10, 50, 100, 150, 200, 250 and 300 eggs per 4 cm 2 ) were tested for S. takahashii (13-18 replicates) and ten to twelve densities (10, 50, 100, 200, 300, 400, 500, 600, 700, 800, 1,000 and 1,200 eggs per 16 cm 2 ) for S. japonicus (8-16 replicates). After 24 h the number of prey eggs eaten was determined by counting intact eggs. The number of predator eggs oviposited during 24 h was also scored.
Data analysis. All data obtained from the functional response experiments were fitted to Holling's disc equation (Holling, 1959) :
where y is the number of prey attacked, x is the initial prey density, T is the time period of the bioassay (ϭ1 day). The parameters a (rate of successful attack) and b (time required to handle a prey item; 1/b is the maximum predation rate) were calculated using least-squares non-linear regression based on the Gauss-Newton method (SAS Institute, 2001) .
RESULTS AND DISCUSSION

Prey consumption rates of immature predator stages
The experiments revealed that each larva of the three predator species initiated feeding shortly after hatching. The larvae of A. californicus appeared to be feeding, as has been reported for the other predatory mites, Iphiseius degenerans Berlese (Takafuji and Chant, 1976) and Metaseiulus occidentalis (Nesbitt) . In contrast, larvae of some phytoseiid mites such as Phytoseiulus persimilis Athias-Henriot (Takafuji and Chant, 1976) and P. macropilis (Banks) (Ali, 1998) were non-feeding. Although the larvae of S. takahashii fed on T. urticae eggs, the prepupae and pupae did not.
At the three temperatures tested the consumption rate of prey eggs by female immatures was higher than that by male immatures, both for A. californicus (pϽ0.05; Mann-Whitney U-test) and S. takahashii (pϽ0.001) ( Table 1) . For immature S. japonicus, egg consumption was the same for both sexes (pϾ0.05; Table 1 ). Temperature had no effect on prey consumption of any of the three predators (pϾ0.05).
Daily egg consumption rates for immature predators are given in Table 1 . It appeared that immature S. japonicus ate 9-to 14-times and 23-to 42-times more eggs per day than immature S. takahashii and A. californicus, respectively.
The egg consumption rates in immature stages of A. californicus were the same or slightly higher than those of other predatory mites available in the literature, with one exception (Table 2) : only immature P. persimilis consume more (30.8 eggs, at 25°C; Gerlach and Sengonca, 1985) . The consumption rates of S. takahashii are slightly lower than those of other predatory thrips, but those of S. japonicus are 2-to 4-times higher than those of other acarophagous ladybugs (Table 2) .
Prey consumption of adult females
Daily egg consumption rates of adult females over the first 20 days after emergence at 25°C were 13.4 eggs, 23.0 eggs and 294.4 eggs for A. californicus, S. takahashii and S. japonicus, respectively. The rate by adult females of A. californicus is similar to or slightly lower than the rates of all but one predatory mite (Table 2) : only adult P. persimilis females ate more eggs per day. The rate of prey consumption of S. takahashii was clearly lower than the rates of other predatory thrips, at 25°C or warmer (Table 2) . S. japonicus consumed 3-to 10-times as many eggs as S. madecassus (Chazeau, 1974) . These results indicate that S. japonicus has a higher potential for mite egg consumption compared to other ladybugs in the literature.
Functional response
The functional response data of A. californicus, S. takahashii and S. japonicus on eggs of T. urticae fitted nicely to a type-II response (Holling, 1965) , when approximated by the disc equation (Fig. 1 , Table 3 ). The rate of predation increased almost linearly with temperature and paralleled the increase of the oviposition rate with temperature, shown by Sabelis (1985) . The rate of successful search (a) seemed to be independent of the temperatures tested for all three predators (Table 3) . Since the prey handling time (b) of the predators decreased as the temperature increased, their maximum predation rate (1/b) increased with increasing temperature (Table 3) . At 25°C the expected maximum predation rate of S. japonicus was 588 eggs per day, 8-and 17-times higher than for S. takahashii and A. californicus, respectively. Figure 1 shows the average number of eggs laid by each species of predator during 24 h, with the various prey egg densities. The number of eggs deposited by A. californicus increased with increasing prey egg density up to a density of 25 (30°C) or 50 (20 and 25°C), and reached a plateau of ca. 2, 3 and 4 eggs per 24 h at 20, 25 and 30°C, respectively (Fig. 1A) . With S. takahashii, the number of eggs deposited increased sharply with increases of prey egg density from 10 to 50 at all temperatures and reached a plateau of ca. 3, 5 and 7 eggs at 20, 25 and 30°C, respectively (Fig. 1B) . The number of eggs deposited by S. japonicus increased linearly 100 T. GOTOH et al. with prey increasing egg density up to a density of 200 (18°C) or 500 (25 and 30°C), reaching the plateau of ca. 7 (18°C), 14 (25°C) and 19 (30°C) eggs (Fig. 1C) . This clearly shows that egg consumption affects the oviposition rate of each predator species, and that temperature has an impact on predation capacity. Similar functional responses have been found in P. persimilis and I. degenerans (Takafuji and Chant, 1976) , A. womersleyi Schicha (Hamamura, 1986) , an Italian strain of A. californicus (Castagnoli and Simoni, 1999) , Euseius finlandicus Oudemans and Amblyseius andersoni Chant (Koveos and Broufas, 2000) , Frankliniella schultzei Trybom, Thrips imagines Bagnall and T. tabaci Lindeman (Wilson et al., 1996) , and Stethorus punctum (LeConte) (Hull et al., 1977) . All fitted Holling's type-II responses, in which predators display a decrease in predation rate at increasing prey densities (Sabelis, 1985) .
In nature, various life stages of prey and predator coexist, and several prey as well as predator species may appear simultaneously on a single leaf and/or plant. Therefore, as was pointed out by Koveos and Broufas (2000) and Lester and Harmsen (2002) , it will be interesting to investigate how the responses of predators found in laboratory studies with simple single predator-single prey systems, such as the present study, reflect their responses in nature, when systems are likely to be more complex. This will be difficult, however, since not only species compositions may vary both spatially and temporally in nature, but also abiotic factors, such as, for example, temperature. We have estimated the life-history parameters of the same three predators at different constant temperatures in simple laboratory experiments (Gotoh et al., 2004 (A. californicus) ; Gotoh et al., submitted (S. takahashii) ; Mori et al., submitted (S. japonicus)) , and this also clearly demonstrated differences in predatory capabilities among them. These laboratory results will be useful for formulating a population-dynamical model for evaluating the biological control of spider mites by the three predators, and this model may subsequently be extended to cope with the more complex situations in the field. Table 3 . The rate of successful search (a), handling time (b) and predation rate (1/b) of the disc equation (Holling, 1959) 
